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有机磷系阻燃剂（organophosphorus flame retardants, OPFRs）被广泛应用到
各种家具材料和各种工业产品中，如电子产品、塑料、纺织品、家具和建筑材料。
在许多国家和地区，溴代阻燃剂（brominated flame retardants, BFRs）因其环境毒









于 TDCPP 对淡水鱼类的毒性研究，例如斑马鱼（Danio rerio），遗憾的是很少有




暴露于 TDCPP 中，历经两个完整的生命周期（F0 代和 F1 代），同时测定各种生
长发育和繁殖毒性指标。此外，利用高效液相色谱串联质谱法测定不同阶段青鳉



















































Organophosphorus flame retardants (OPFRs) have been widely used in various 
household and industrial products, such as electronic equipments, plastic products, 
textiles, furniture and building materials. Brominated flame retardants (BFRs) have 
been associated to environmental toxicity and have been limited and baned in many 
areas and countries. As the most important replacement of BFRs, the usage and 
environmental occurrence of OPFRs increase dramatically in the recent years. TDCPP 
is one of the heavily used OPFRs and it is released to environment easily. It has been 
frequently detected globally in various environments and biota, such as in indoor and 
outdoor air, surface water (including fresh water and sea water), sediment, wildlife 
and human body.  
TDCPP is persistent in the environment, lipophilic and prone to bioconcentrate in 
biota. The possible toxicity of TDCPP to the environmental biota and human has 
attracted much attention. Limited toxicological studies indicate the developmental 
toxicity, reproductive toxicity, nerotoxicity and endocrine disruption upon TDCPP 
exposure. As ocean is an ultimate sink of all kinds of pollutants, marine 
environmental toxicological studies of contaminants can not be ignored. Published 
data suggest that treatment with TDCPP causes a variety of toxicities in freshwater 
fish, such as zebrafish (Danio rerio). However, little is known about the toxicological 
effects of TDCPP in marine fish. The marine medaka (Oryzias melastigma) has many 
advantages that it is small and easy to culture and breed, and has short generation time, 
adaptation to a wide range of salinities and susceptibility to chemicals contaminant. O. 
melastigma is a good marine teleost model fish that could be used in coastal-estuary 
ecotoxicological research.  
We used the marine medaka as the marine model fish to investigate the potential 
toxicity of TDCPP. Medaka was exposed to TDCPP over two generations (F0 and F1) 
and varies developmental and reproductive toxicity endpoints were examined. In 
addition, we determined TDCPP and its metabolite BDCPP concentration in different 















The main findings are: 
(1) TDCPP exposure affected the growth and development of marine medaka, 
and affected skeletal development and lipid metabolism. TDCPP exposure decreased 
heart rate in both F0 and F1 embryo and induced the malformation rate of medaka, 
with higher frequency of abnormal observed in F1 than F0. The major abnormality 
was bent and shorter pectoral fin found in the 1st fry and spinal curve and shorter 
pectoral fin found in the adults. In addition, TDCPP exposure inhibited development 
of medaka with reduced adult body length and body weight, and induced condition 
factor. After TDCPP exposure the lipid content in liver induced in both F0 and F1 
generation, and male hepatosomatic index (HSI) also incresed in F1 generation. 
(2) After TDCPP treatment, fecundity of medaka and the gonadosomatic index 
(GSI) of male were significant decreased. The number of eggs per spawning, 
spwaning events and cumulative eggs in F1 were reduced after exposure to TDCPP. In 
addition, TDCPP exposure increased mortality of new eggs spwaned by F1 female. 
(3) The expression of vitellogenin (VTG) was significantly up-regulated by 
TDCPP exposure, suggesting potential estrogenic activity and endocrine disruption of 
TDCPP.  
(4) Marine medaka showed bioconcentration to TDCPP. We find a relatively high 
body burdens of TDCPP during embryo to adult stage and higher TDCPP in F1 than 
in F0 generation. The bioconcentration of TDCPP in medaka were different between 
female and male.  
(5) TDCPP could be O-dealkylated to the formation of BDCPP in marine 
medaka. BDCPP was detected in 30 dph larvae, adult (whole body) and liver and the 
concentrations were higher than in F1 to F0 generation. Concentrion of BDCPP in 
female and male were also different. 
 
Key Words: OPFRs; TDCPP; Oryzias melastigma; Chronic toxicity; 













第 1 章 绪 论 
1 
第 1 章 绪 论 
 







溴代阻燃剂（brominated flame retardants, BFRs）是被广泛使用的阻燃剂之一。





磷系阻燃剂（phosphorus flame retardants, PFRs）被认为是一类较好的溴代阻
燃剂代替物，其使用历史已超过 150 年[5]。PFRs 包含三大类[6]，第一类是无机磷
系阻燃剂，常见的有红磷（ red phosphorus, RP）和多磷酸铵（ammonium 





（a）亚膦酸盐       （b）膦酸盐          （c）磷酸酯 
图 1-1 OPFRs 的一般结构 
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1.2  TDCPP 的概述 
1.2.1  TDCPP 的理化性质 
三（1,3-二氯异丙基）磷酸酯（Tris (1,3-dichloro-2-propyl) phosphate, TDCPP）
是一种含卤族元素的有机磷系阻燃剂，是大量使用的 OPFRs 之一。TDCPP 物理
化学性质见表 1-1，其辛醇水系数为 3.65，在水中的溶解度是 1.501 mg/L，它是




表 1-1 TDCPP 和 BDCPP 的物理化学性质 
Table 1-1 Physicochemical properties of TDCPP and BDCPP 




丙基）磷酸酯 TDCPP C9H15Cl6O4P 430.905 13674-87-8 3.65 1.501 
二（1,3-二氯异
丙基）磷酸酯 BDCPP C6H11Cl4O4P 319.935 72236-72-7 2.18 130 
TDCPP 和 BDCPP 物理化学性质在 ChemSpider 网站上查询。 
 
                    
(a) TDCPP                              (b) BDCPP 
图 1-2 TDCPP 和 BDCPP 结构式 
Fig. 1-2 Structure of TDCPP and BDCPP 
 
二（1,3-二氯异丙基）磷酸酯（Bis (1,3-dichloro-2-propyl) phosphate, BDCPP）
是 TDCPP O-脱烷基化的产物[7]，其辛醇水系数（log Kow）为 2.18，比 TDCPP

















1.2.2  TDCPP 的使用现状 
TDCPP 作为阻燃剂和增塑剂被广泛添加到各种产品中，如电子产品、泡沫、
塑料制品、纺织品、漆及家具中。1998 年至 2006 年，TDCPP 在美国的年产量
大约为 4500-22700 吨[8]。此外，因溴代阻燃剂逐渐被限制、禁止使用，TDCPP
被认为是一种重要的替代物，其使用量有逐渐增加的可能性，TDCPP 在各区域
的产量、使用量如表 1-2 所示[6]。 
 
表 1-2 TDCPP 的产量、用量 
Table 1-2 Production/usage volumes of TDCPP 
产量、用量（吨） 区域 年份 
4500-22700 美国 1998-2006 
<10000 欧洲 2000 
132.8 丹麦 2000 
134.1 丹麦 2001-2002 
 
1.2.3  TDCPP 在环境中的浓度 
TDCPP 属于直接添加型阻燃剂，在产品的生命周期内容易被释放到环境中。
它被认为是一种具有环境持久性的有机物，在环境中难以降解或去除。即使经过
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